The possibility to employ stem/progenitor cells in the cardiovascular remodelling after myocardial infarction is one of the main queries of regenerative medicine. To investigate whether endothelial progenitor cells (EPCs) participate in the restoration of hypoxia-affected myocardium, we used a co-culture model that allowed the intimate interaction between EPCs and myocardial slices, mimicking stem cell transplantation into the ischaemic heart. On this model, we showed that EPCs engrafted to some extent and only transiently survived into the host tissue, yet produced visible protective effects, in terms of angiogenesis and protection against apoptosis and identified miR-377-VE-PTP axis as being involved in the protective effects of EPCs in hypoxic myocardium. We also showed that collagen, the main component of the myocardial scar, was important for these protective effects by preserving VE-PTP levels, which were otherwise diminished by miR-377. By this, a good face of the scar is revealed, which was so far perceived as having only detrimental impact on the exogenously delivered stem/progenitor cells by affecting not only the engraftment, but also the general protective effects of stem cells.
| INTRODUCTION
Over the past decades, regenerative medicine has focused on the discovery and understanding of stem and progenitor cell populations for cardiovascular remodelling after myocardial infarction. It came out that both angiogenesis and neovascularization induced by stem/ progenitor cells are essential processes for improving cardiac function in pathological settings associated with cardiac ischaemia. 1, 2 Among the progenitor cells with cardioprotective effects, the "lateoutgrowth" endothelial progenitor cells (EPCs) have emerged as having strong proliferative potential and a high capacity to become incorporated into the newly developing vessels. 3 These cells have been extensively used in various studies both in vitro and in animal models, and several clinical trials have been initiated to evaluate their therapeutic potential for cardiac regeneration. [4] [5] [6] However, no reliable in vitro system able to mimic cell Rosca and Mitroi equally contributed to this study.
transplantation and predict the in vivo clinical therapeutic outcome exerted by stem/progenitor cells has been established so far.
To study the mechanisms underlying the beneficial outcome of EPC therapy on the myocardial ischaemic tissue, we established an in vitro cell transplantation model that allows in-depth interaction between EPCs and myocardial tissue. We present here data showing that co-culture of cardiac slices with EPCs led to reduced cardiac cell ischaemia and apoptosis, as compared to cardiac slices alone, as a consequence of the paracrine protective effects of EPCs on the hypoxic heart. Furthermore, a systematic analysis of the functional relationship between expression of protein tyrosine phosphatases (PTPs) and microRNAs revealed that during interaction between
EPCs and hypoxic myocardial tissue, miR-377-VE-PTP axis was involved in the angiogenic effects of EPCs in ischaemia-affected myocardium.
| MATERIALS AND METHODS

| EPC isolation
Primary cultures of EPCs were isolated from human umbilical cord blood, as previously described. 7 The cells were grown in EGM-2 Bullet Kit medium (Lonza) onto collagen-coated plates and used between the 8th and 12th passages.
| Matrigel assay
EPCs were resuspended in EGM-2 medium (10 5 cells/mL) and 100 lL cell suspensions were added in each 96-well plate well over 50 lL Matrigel. After 24 hours of incubation, the tube-like structures were photographed under a VERT.A1 ZEISS microscope and the number of closed structures, branching points and total tube length per field were determined using ImageJ software, NIH, USA.
| Preparation of the mouse cardiac slices
Mice were housed and used in accordance to national and EU regu- Tyrode solution, according to a protocol described by Halbach et al. 8 Then, the myocardium was transversely sliced into 300 lm-thick sections, using a Leica vibratome VT1200S. 9 The sections were kept in oxygenated cold Tyrode solution for 30 minutes before being used for co-culture experiments. 
| Co-culture of myocardial slices with EPCs
| Caspase-3 assay
To determine the effect of EPCs on the apoptosis of the cells of the hypoxic heart slices after in vitro co-culture, Caspase-3 activity was measured using a colorimetric assay kit (R&D Systems 
| Assessment of miR-377
The expression of miR-377 in EPCs was altered by transfection with 
| Assessment of the expression of PTPs in EPCs
Total RNA was extracted from cultured EPCs with High Pure PCR Template Preparation kit (Roche) and the level of RNA was determined with a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific). One microgram of total RNA was reverse transcribed using RT2 First Strand kit (SA Biosciences) and resulting cDNA was diluted 10 times before the real-time PCRs. qPCR was performed using SensiFast SYBR Hi ROX kit (Bioline), specific primers and ABI 7900HT
instrument. The values were normalized to the geometric mean of four house-keeping genes (actin, calnexin, glyceraldehyde 3-phosphate dehydrogenase and the proteasome subunit b type-3). The comparative C T method was used to quantify the results, assuming a 100% reaction efficiency.
| Alteration of VE-PTP/PTPRB expression level in EPCs
For VE-PTP/PTPRB alteration in EPCs, cells were transfected with
Ohu21064D) containing VE-PTP gene, or RNAi PTPRB (PRPRBH SS108847, Invitrogen), using Lipofectamine 3000 (Invitrogen/Thermo Fisher Scientific).
| Statistical analysis
Data were analysed with GraphPad Prism 5.0 (GraphPad Software,
Inc.) and presented as mean AE SEM. Comparison of multiple groups was made by ANOVA. Two-group analysis was carried out by Student's t test. Probability values (P) <.05 were considered significant (*P < .05; **P < .01; ***P < .005).
| RESULTS
| Human EPCs engraft into ex vivo murine myocardial slices
Endothelial progenitor cells are normally grown in EGM-2 complete medium, 11 whereas cardiac cells are routinely cultured in complete DMEM, IMDM or F12 culture medium. [12] [13] [14] The first issue before putting in direct contact two cell types that preferentially request different culture media was to choose the culture medium that provided support for survival and proliferation of both cell types in vitro.
As DMEM complete medium has been proven unable to sustain EPC proliferation in vitro ( Figure S1 ), comparative analysis of EGM-2 and IMDM was performed to evaluate their capacity to sustain the viability of cardiac tissue slices in vitro.
To this aim, 300 lm-thick fresh transversal slices of mouse heart were incubated in 24-well plate (1 slice/well) in complete IMDM or EGM-2 for indicated times (from 2 hours to 7 days) and then processed for MTT assay. The results showed that, in contrast to freshly prepared heart slices (analysed within 2 hours from the isolation), a substantial decrease in tissue viability was noted during the first 24 hours of incubation in vitro in the absence of oxygen bubbling ( Figure S2 ). However, a certain extent of proliferation was still noted within the surviving cells during the next days of culture, irrespective of the culture medium used, demonstrating that the tissue remained viable in this hypoxic set-up. These results suggested that in vitro culture of cardiac tissue slices in EGM-2 mimicked the in vivo context of the hypoxic myocardial damage and might be further used as an appropriate system to evaluate the capacity of EPCs to improve the cardiac performance induced by ischaemic diseases.
We next explored the in vitro conditions that allowed the engraftment of EPCs into the cardiac tissue in direct co-culture. To this aim, EPCs were directly seeded onto cardiac slices in 96-well plates, but this condition resulted in the adherence of cells onto the well surface rather than onto tissue slice, which remained floating (data not shown). Furthermore, xCELLigence studies using EPCs cocultured in direct (on E plates) or indirect (on CIM plates) contact with cardiac tissue indicated a rather inhibitory effect of the cardiac tissue on EPC adherence and proliferation (data not shown). This lack of affinity between adult cardiac tissue and EPC imposed us to create another co-culture system that ensures an intimate contact between cells and tissue, in order to increase the probability of interaction between the two co-culture components, while limiting the adherence of cells to the culture plate. To this aim, a co-culture system was developed as described under Materials and Methods and illustrated in Figure 1A . The viability of tissue slices cultured in this system ( Figure 1B ) was maintained at similar levels as in the classical system with EGM-2 ( Figure S2 ), thus demonstrating the feasibility of this co-culture model.
To quantify the engraftment of EPCs into the tissue, heart slices were co-cultured with increasing number of Flash-Red beads labelled EPCs (10.000-50.000 cells per slice) followed by slice washing and evaluating for the presence of cells. IVIS analysis revealed the presence of EPCs onto tissue slices and showed that the fluorescent signal of slices increased in a dose-dependent manner with the cell number seeded in co-culture ( Figure 1C ). Further analysis of myocardial slices by confocal microscopy on z-axis showed not only the adherence, but also the migration of EPCs into the depth of the myocardial slices (up to 17 lm distance downwards), thus demonstrating the engraftment of EPCs into the myocardial tissue in our co-culture system ( Figure 1D ). To evaluate whether these cells proliferate and contribute to tissue regeneration after engraftment, MTT assay was performed on cardiac slices at different time-points after 24-hour co-culture with
|
EPCs. The results showed that the overall cellularity of the co-cultures increased over time with the same magnitude in either the presence or absence of EPCs ( Figure 2C ). This data suggested that the proliferation was attributed to the host cardiac cells (most probably, the cardiac fibroblasts), rather than the donor cells. In corroboration with this data, quantification of human-specific Alu sequences at 1 and 7 days after co-culture initiation illustrated not only the absence of proliferation of grafted EPCs, but a decline in the amounts of grafted cells over time ( Figure 2D ). However, evaluation of the Caspase-3 activity, an indicator of the apoptotic process, in the heart slices revealed a decreased apoptosis in the hypoxic heart slices after 7 days in culture in the presence of EPCs as compared to heart slices without EPCs ( Figure 2E ). This anti-apoptotic effect was even amplified when a higher number of cells were used in coculture (ie, 65.12 AE 6.15% and 79.99 AE 0.57% less apoptosis of cardiac slices in the presence of 5x10 4 EPC and 10 5 EPC, respectively).
Together, these data indicated that co-culture of cardiac slices with EPCs in vitro resulted in a likely transient engraftment of EPCs within the hypoxic host tissue, which did not proliferate after integration, yet produced a significant paracrine protective effect on the hypoxic cardiac slices.
| Collagen deprivation stimulates expression of miR-377 which impedes the angiogenic properties of EPCs
The above results indicated that conditions used for co-culture of EPCs with hypoxic cardiac tissue provided EPCs a favourable environment to unveil the protective functions that previously entitled them as valuable cells for tissue regeneration. Keeping in mind the two important prerequisites for in vitro maintenance of EPCs (growth factors and collagen feeder layer), which have both been encountered in our co-culture system, we assumed that myocardial scar was critical for EPC proper functioning in vitro and/or in vivo.
To get insights into the responsible factors and the mechanisms by which EPCs exerted their paracrine protective function on the hypoxic cardiac slices, the expression levels of angiogenesis-related miRNAs were evaluated in EPCs, with emphasis on the particular effect of the collagen on EPC angiogenic properties.
An inventory of angiogenesis-related miRNAs has been established based on previous reports on miRNAs expressed significantly miR-15, -17, -23, -26, -27, -125-5b, -195, -218, -377 and -495. 15 These miRNAs were further ranked into miRNAs for which the biologic role in ECs was known (pro-angiogenic, anti-angiogenic and pro-senescent) and miRNAs for which the role in ECs was unknown ( Figure 3A) . A first hint provided by RT-PCR analysis was that, similar to mature ECs, EPCs expressed high levels of miR-15, -23, -26, -27 and -195, with have a recognized role in angiogenic properties of the cells, and much lower levels (around 1000 times less) of miR-377, with yet undefined function in ECs ( Figure 3A) . Interestingly, the deprivation of collagen feeder layer from EPC culture resulted in a 5.37 AE 1.56-fold increase in miR-377 expression level, with no significant impact on the other miRNAs analysed ( Figure 3A,B) .
| VE-PTP/PTPRB is a miR-377 target with important role in collagen-dependent angiogenic properties of EPCs
Given the fact that protein phosphorylation and dephosphorylation are central events in many signal transduction pathways that regulate key cellular processes, [16] [17] [18] we turned our attention towards the role of protein tyrosine phosphatases (PTPs) as mediators in blood vessel remodelling and angiogenesis. [19] [20] [21] First, the correlation between angiogenesis-related miRNAs and
PTPs was established based on theoretical predictions (Targetscan, miRwalk and Diana-microT websites). Our analyses led to the identification with a high probability of VE-PTP/PTPRB as a predicted target of miR-377 ( Figure S3 ). Reportedly, VE-PTP is the only PTP specifically expressed in ECs. 19, [22] [23] [24] Interestingly, we have also found it to be expressed in high amounts in EPCs, in comparison to other PTPs ( Figure S4 ). The in silico prediction was confirmed in
EPCs by gain-and loss-of-function assays. The efficiency of transfection with RNA oligonucleotides and the relative expression levels of miR-377 after transfection with miRNA mimic or inhibitor are illustrated in Figure S5 . To verify the specificity of VE-PTP inhibition by miR-377, PTPRJ, a PTP not regulated by miR-377, but which was previously reported to be involved in endothelial differentiation and vasculogenesis 25, 26 and for which post-transcriptional regulation by miRNAs was also noted, 27 Overall, the data showed that EPCs transiently engrafted and yielded pro-angiogenic and anti-apoptotic effects in hypoxic cardiac tissue in an in vitro model of interaction between hypoxic cardiac slices with EPCs. The collagen was important in these protective effects by preserving VE-PTP levels, which were otherwise diminished by miR-377.
| DISCUSSION
In this paper, we designed a co-culture system that assured an intimate contact between EPCs and hypoxic myocardial slices, which may be valuable for predicting the effect of transplanted stem cells onto the host myocardial tissue. The newly designed co-culture system has allowed us not only to evaluate the protective effects conferred by EPCs onto hypoxic myocardium, but also to explore some aspects of the underlying mechanisms. did not proliferate locally, indicating that the protective effects on the hypoxic myocardium were of paracrine manner, by preventing the loss of myocardial tissue by apoptosis.
Using this co-culture system, we showed here that: (i) normal
EPCs maintained a low level of miR-377, which was highly up-regulated after collagen withdrawal from EPC culture; (ii) miR-377
exerted an anti-angiogenic role in EPCs and one of its specific target was VE-PTP; (iii) the angiogenic and anti-apoptotic properties of
EPCs relied on VE-PTP, whose expression was reduced after collagen withdrawal, by a pathway involving miR-377.
Using EPCs in cellular therapy for myocardial regeneration after infarct is an appealing approach, considering the importance of revascularization on the cardiac function in the damaged tissue. 28 However, the scar formation, a physiologically occurring event after myocardial infarction, was perceived so far as having a detrimental impact on the exogenously delivered stem/progenitor cells 29 which might affect not only the engraftment, but also the general paracrine protective effects of stem cells. In this paper, we revealed a good face of the scar, in that the collagen, which was the main component of the myocardial scar, helped keeping a low level of miR-377 and a high level of its target, VE-PTP, and thus contributed to the protective effects of EPCs. This protective effect occurred in absence of EPC proliferation, which was in accordance to previous studies showing an increased level of VE-PTP in resting cells as being associated to an increased capacity of ECs to organize into tubular structures in the 3D cultures. 30 The mechanisms mediating the effect of collagen on EPCs are not definitively resolved, however they might involve integrin-mediated signalling.
Integrins have been indicated as major determinants of EPC homing, invasion, differentiation and paracrine factor production. 31 Furthermore, it has been shown that EPCs overexpressing integrin b 1 stimulated angiogenesis in ischaemic mouse hindlimbs, in which extracellular matrix proteins such as collagen I and fibronectin were up-regulated. 32 First, we investigated the expression of various miRNAs in EPCs, which were previously reported as being expressed in ECs and involved in blood vessels formation. Based on experimental evidence
and in silico analysis, we found a connexion between VE-PTP, a protein tyrosine phosphatase known to be involved in vessel remodelling and angiogenesis, 33 and miR-377. We showed that in the absence of the collagen I substrate, miR-377 was up-regulated, which determined a decrease in the VE-PTP protein level. Next, we questioned whether these modifications in vitro had an impact on the capacity of EPCs to form tube-like structures on Matrigel support, an indicator of their pro-angiogenic effect. 34 Our results indicated that the down-regulation of VE-PTP had a detrimental effect on the EPCs ability to form cords on Matrigel.
We took advantage of the EPC-myocardial slice co-culture system and evaluated the role of miR-377-VE-PTP axis onto the anti-apoptotic effect of EPCs in ischaemia-affected myocardium. Our data revealed that manipulation of EPCs that diminished VE-PTP or upregulated miR-377 expression resulted in a detrimental cardiac protection conferred by EPCs, supported by the increased activity of caspase-3, the main mediator of the apoptotic process 35 and an increased secretion level of mouse VEGF, a marker of cardiac tissue hypoxia.
By concluding, our data suggest that VE-PTP is an important player in the cardioprotective effects of EPCs. VE-PTP level is regulated by the anti-angiogenic miR-377, whose expression level is kept low by collagen I, thus attributing to collagen-based scar an important role for a positive outcome in the therapy of myocardial infarction. These observations remain to be validated in vivo. Such in vivo data will also increase the relevance of our co-culture system for in vitro testing of various modulating agents aiming to improve the outcome of stem cell therapy for myocardial infarction. 
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